The evolving upper ocean response excited by the passage of hurricane Gilbert (September 14-19, 1988) was investigated using current and temperature observations acquired from the deployment of 79 airborne expendable current profilers (AXCPs) and 51 airborne expendable bathythermographs from the National Oceanic and Atmospheric Administration WP-3D aircraft in the western Gulf of Mexico. The sea surface temperatures (SSTs), mixed layer depths, and bulk Richardson numbers were objectively analyzed to examine the spatial variability of the upper ocean response to Gilbert. Net decreases of the SSTs of 3ø-4øC were observed by the profilers as well as by the airborne infrared thermometer ( 
INTRODUCTION
The passage of a tropical cyclone over a warm ocean represents one of the most extreme cases of air-sea interaction. Warm, preexisting sea surface temperatures (SSTs) are a necessary but not sufficient condition for the development and maintenance of a tropical cyclone [Palmen, 1948] .
Although the time scale is relatively short, O(f-1), several important physical processes are enhanced in the oceanic and atmospheric planetary boundary layers (PBLs) during such events, including the sensible heat flux that is proportional to the air-sea temperature difference. The most apparent response of the tropical cyclone-ocean interaction is the marked cooling of the upper ocean.
Price [1981] Although this rightward bias in the maximum ssT response was found in previous studies [Chang and Anthes, 1978; Price, 1981] , the physical mechanisms associated with this pattern remain an important issue in understanding the upper ocean response to the passage of tropical cyclones. Another important contribution to the upper ocean cooling is the vertical mixing at the base of the mixed layer. Observational and numerical studies suggest that vertical mixing at the base of the mixed layer may account for over 80% of the observed SST decreases in the wake of a hurricane [Black, 1983] . As cooler thermocline water is mixed with the warmer water from the mixed layer by entrainment mixing (w' T•), the SST decreases. This entrainment mixing is generated either by the vertical shear of the horizontal currents [Pollard et al., 1973; Price, 1981] or by surface-generated turbulence within the mixed layer [Elsberry et al., 1976] . In association with the entrainment mixing, the depth of the mixed layer increases at radial distances of 2Rmax-4Rmax from the storm track. [Mayer et al., 1981; Brooks, 1983; Shay and Elsberry, 1987; Brink, 1989] . Although these measurements have described the evolution of the current response at fixed vertical levels, the current meter moorings have not provided the spatial sampling necessary to examine the mesosynoptic-scale oceanic response over the scales of the atmospheric forcing. During the summers of 1984 and 1985 a series of airborne expendable current profilers (AXCPs) were successfully deployed from the National Oceanic and Atmospheric Administration (NOAA) WP-3D aircraft during PBL experiments in hurricanes Norbert and Josephine (1984) [Sanford et al., 1987] and Gloria (1985) (J. F. Price, T. B. Sanford, and G. Z. Forristall, Observations and simulations of the forced response to moving hurricanes, submitted to Journal of Physical Oceanography, 1992; hereafter Price et al., submitted, 1992). For the first time these AXCPs provided a three-dimensional description of the vertical structure of the ocean currents and temperatures underneath these hurricanes. Sanford et al. [1987] fit the velocity observations to a three-layer model to describe the orbital velocities of surface waves and the steady and shear components in each layer. Shay et al. [1989] removed these orbital velocities and examined the forced, baroclinic velocity structure excited by Norbert within the context of linear, near-inertial wave dynamics. About 70% of the observed velocity structure was explained by a model based on the first four baroclinic modes. However, the time dependent three-dimensional near-inertial response [Gill, 1984] in the wake could not be resolved with only one flight into Norbert.
Oceanic current measurements during the passage of tropical cyclones have been obtained through fortuitous encounters with moorings deployed in support of other field experiments
To examine the evolving three-dimensional response, an upper ocean response experiment was conducted in the Gulf of Mexico from NOAA WP-3D research aircraft by successfully deploying 79 AXCPs and 51 AXBTs prior to, during, and subsequent to the passage of hurricane Gilbert from September 14 to 19, 1988 (Plate 1). This experimental effort improved upon previous aircraft experiments in measuring both the prestorm and in-storm currents and temperatures and then revisiting the same area 1 and 3 days following storm passage (Figure 1 ). The objective of this descriptive study is to document the magnitude of the evolving upper ocean current and temperature patterns from the point measurements (AXCPs and AXBTs) and the remotely sensed SSTs derived by the AIRT and •he AVHRR imagery.
The paper is organized as follows: a brief description of the data, including a chronology of hurricane Gilbert and the relevant air-sea parameters, is given in section 2; the experimental sampling strategy is described in section 3; the upper ocean current and temperature response is discussed in section 4; a comparison of the remotely sensed and in situ SSTs in the wake of Gilbert using regression techniques is given in section 5; and the results of the study are summarized in section 6. relationships between surface emissivity and surface stress (as well as backscattering cross section from lower to higher wind speed range) to make surface stress estimates along the flight legs.
Using a wind speed dependent formulation of the drag coefficient [Large and Pond, 1981] , the maximum surface wind stress was 3.3 N m -2 at 50 km, with a secondary maximum in the wind stress (2.4 N m -2) at 90 km from the storm track. This "double eye" structure is indicative of collapsing eye walls, presumably due to the interaction of the hurricane with a land mass [Willoughby et al., 1984] . Over the period of the storm forcing O(12 hours) the maximum heat flux from the ocean to the atmosphere was about 1000 cal cm -2 at Rma x [Large and Pond, 1982] . This heat flux was based on observations of a 2øC air-sea temperature difference and a specific humidity gradient of about 5 g kg -• associated with a relative humidity of about 85-90%, common in tropical cyclones [Frank, 1977] .
Since Gilbert was moving faster than the first mode internal wave phase speed c •, the Froude number (2) exceeds unity, which indicates that the oceanic response to Gilbert is expected to be predominantly baroclinic. Shay et al. [1990] demonstrated that a barotropic current response may exist in water depths of less than 1000 m but that for the oceanic depths where the AXCPs were deployed (3000 m), the barotropic current response induced by Gilbert was relatively small (•2-4 cm s-i). Since the barotropic current response is small, the upper ocean baroclinic response is the dominant physical process that will be determined from the AXCPs and AXBTs.
• The 79 profiles of AXCP data were recorded by the NOAA data acquisition system, and the velocity profiles have been processed following the procedures described by Sanford et al. [1982] . The times and positions of the AXCP deployments are given in Tables 3-5. The failures were attributed to radio frequency (RF) (13 cases) and audio frequency (AF) (nine cases) problems (Table 6) 
AIRT SSTs
The AIRT-derived SSTs were acquired along the flight tracks using a modified PRT 5 radiometer [Black and Schricker, 1978] . This remote-sensing device has the advantage of providing continuous profiles along the aircraft legs and complements point measurements from the AXBT and AXCP soundings. However, the disadvantage is that a correction must be applied to account for the water vapor attenuation in the intervening atmospheric layer, which can be significant in the tropical storm environment. 
A VHRR Imagery
Infrared imagery from the NOAA 10 and NOAA 11 AVHRR can be used to map the temporal evolution of the SST changes induced by the passage of hurricances [e.g., Stramma et al., 1986] . These 1-km high-resolution picture transmission (HRPT) images were collected by the Naval Oceanographic and Atmospheric Research Laboratory Satellite Digital Receiving and Processing System [Hawkins et al., 1985] . The AVHRR sensor is well suited to monitor cold wakes generated by hurricanes because of the thermal sensitivity of 0.12øC via 10-bit digitization and highresolution (1 km at nadir and 4 km at the edge of the swath) images; however, the AVHRR sensor suffers like all infrared imagers from cloud obscuration. Fortunately, hurricane Gilbert had a clear zone just beyond the main region of intense convection. The radial SST profiles were smoothed using a 15-km triangular window to facilitate direct comparisons to the SSTs derived from the AXCPs and AIRT.
The SST patterns derived from the AVHRR imagery during the research flights on September 17 and 19 illustrate the pronounced temperature contrast between the regions directly affected by the hurricane (cold wake), by a warm eddy in the central Gulf of Mexico, and by the far-field temperatures (Plate 2). The lateral extent of the large pool of cooler water of 3ø-4øC was confined to the area between the central eddy and the storm track. On the basis of the conceptual model of Black [1983] , the wavy nature of these SST decreases along the storm track may have been associated with a standing wave pattern of forced, near-inertial currents in the mixed layer. The image from September 20 (not shown) also indicated cooler temperatures with a similar pattern in the wake of Gilbert. Thus the AVHRR detected both the large gradients at the edges of the cool wake and this along-track modulation in the SSTs.
EXPERIMENTAL SAMPLING STRATEGY
The goal of the aircraft-based experiment was to measure the evolution of the three-dimensional current and temperature structure excited by the passage of a hurricane over the scales of the atmospheric forcing. The sampling strategy was designed to acquire upper ocean current and temperature Z 0 is the start depth of the good data used in the fit, T is the period of the surface wave with coefficients of C and S, and Z1,2,3, V1,2,3, and S 1,2,3 represent the layer depth, the layered-averaged currents, and the current gradients, respectively, in each layer. observations to evaluate the effects of mixing and horizontal advection over near-inertial time scales relative to storm passage. A storm track prediction, which depends on the large-scale atmospheric circulation [Harr and Elsberry, 1991] and the departures from this steering flow [Carr and Elsberry, 1990 ], had to be made to establish the experimental grid coordinates for the prestorm measurements to achieve the experimental goal. These observational data points were to be revisited as the hurricane passed through the domain and again 1 and 3 days following storm passage.
Prestorm Experiment (1845 UTC, September 14, to 0005 UTC, September 15)
To define the preexisting currents and temperatures in the projected path of hurricane Gilbert, a prestorm research flight was conducted while Gilbert was moving northwestward over the Yucatan Peninsula (Figure l a) Zo is the start depth of the good data used in the fit, T is the period of the surface wave with coefficients of C and S, and Z 1,2,3, V1,2,3, and S 1,2,3 represent the layer depth, the layered-averaged currents, and the current gradients, respectively, in each layer. Z0 is the start depth of the good data used in the fit, T is the period of the surface wave with coefficients of C and S, and Z1,2,3, V1,2,3, and S 1,2,3 represent the layer depth, the layered-averaged currents, and the current gradients, respectively, in each layer.
Wake I Experiment (1715-2325 UTC, September 17)
The first wake experiment (Wake I) started about 36 hours after the storm experiment, which equates to about 1.25 inertial periods (IP = 29.5 hours at 24øN). Surface wind 
Wake H Experiment (1320-1905 UTC, September 19)
The second wake experiment (Figure 1 d) started about 1.5 IP after the Wake I experiment and deployed a second grid of 35 AXCPs. Since the experimental flight time was limited because the aircraft was required to return to Miami, the fifth leg from the Wake I grid pattern where three consecutive AXCP failures occurred was eliminated, and the Wake II pattern was flown in the reverse order.
UPPER OCEAN RESPONSE
The temperatures from the AXBTs and AXCPs are measured with a thermistor that has an accuracy of 0.2øC. The SSTs from the AXCPs and AXBTs are defined to be the temperature of the mixed layer, which is defined as the depth at which the temperature decreases by more than 0.2øC. While microlayer temperature effects at the surface are not included here, during periods of strong wind forcing the upper ocean will be well mixed in temperature. Thus the SSTs were quite similar to the mixed layer temperatures. The analyses are even more complete, because the hurricane moved steadily at a nearly constant speed and direction, allowing along-track distance to be converted into time [Geisler, 1970; Price, 1981] Spatial patterns of the SSTs, MLDs, and R/bulk were objectively analyzed using the algorithm of Mariano and Brown [1992] . The objective analysis consists of decomposing a scalar observation (subscript o) into three components, To(x, y, t)= Tin(x, y, t) + Te(x , y, t) + es(X, y, t), (3) where T m is the contribution of the large-scale or trend field, T e is the natural field variability on the mesoscale or synoptic time scale, and es is the combined effects of unresolved scales, i.e., subgrid-scale noise, and error from the particular sensor. The trend was calculated using a least squares plane fit to each variable from each flight. The resulting deviations from this trend were interpolated using the objective analysis technique [Mariano and Brown, 1992] . Figure 4 shows the Prestorm, Storm, Wake I, and Wake II objectively analyzed SST fields derived from the data distributions with the corresponding 0.6 error contour. On September 14, prestorm SSTs of 28.5ø-29øC were fairly uniform over the experimental domain without any evidence of a warm core eddy in the central Gulf of Mexico (Figure 4a) . During the storm (September 16) the SST cooling pattern began in advance of the eye of Gilbert, with significant SST decreases in the wake (Figure 4b ). These measurements in the storm represent the response during the first quarter of the inertial cycle after converting space into time [Geisler, 1970] . This initial SST decrease agreed with previous observational [Black, 1983] and numerical [Price, 1981] studies.
Sea Surface Temperatures
Farther back in the wake of hurricane Gilbert, the observed SSTs acquired from the Wake I (September 17) and Wake II (September 19) experiments indicated a broad cooling pattern with a cool pool of water (25.5øC) located at about Rmax-2Rma x (Figures 4c and 4d) . This pool of cooler water was elongated along the storm track during Wake I. Figure  5b , the relative maximum occurred at about 3Rmax-4Rmax to the right of the track. Notice that the orientation of the mixed layer difference field is quite different from that of the SST differences in Figure 4b . This may have been due to the presence of the eddy field. However, the location of enhanced mixing area relative to the storm center agreed well with the previous studies [Black et al., 1988] . A somewhat closer similarity in the wavy nature of MLD differences and the SST response is observed during Wake I and II ( Figures  5c, 5d, 4c, and 4d) , respectively, but the agreement is not exactly one-to-one. Thus both advective and mixing effects contributed to the SST differences.
Bulk Richardson Number
The bulk Richardson number was estimated from the expression ghaAT R/bulk = •V 2 , [Black, 1983] and numerical investigations [Price, 1981] , maximum cooling occurs at 2Rma x to the right of the storm track. In fact, the SSTs from the AIRT corroborate these findings with the AXCP and AXBT measurements. Along leg 2 the SST gradients were located at 3R max, which was primarily due to the juxtaposition of the anticyclonically rotating eddy and the cold wake.
A VHRR. Since the Wake I and II experiments were at the same time of the day on two separate days (• 1.5 IP), any diurnal influence can be removed by taking the difference between the fields. By contrast, the SSTs derived from AVHRR imagery were from a different time of the day between the two experiments. The AVHRR instrument responds only to the temperature of the microlayer, which may differ considerably under light winds from those derived from the AXCPs. Price et al. [1986] showed that there can be 200.
300.
400. , there can also be significant significant temperature differences between the satellite and in situ observing systems. Other possible sources of discrepancies are due to the amount of moisture in the intervening atmosphere, which will be affected by clouds and precipitation. Substantive scientific issues remain to be resolved using the hurricane Gilbert data set. First, the time evolution (or along-track distance) of the anticyclonically rotating current vector indicates not only that the hurricane excited strong near-inertial current in the mixed layer but also that the vertical current shear of the horizontal velocities over a 10-to 20-m layer was quite large between Rma x and 4Rma x. A key question that has emerged from previous studies is how much of the observed current variability can be ascribed to linear, near-inertial wave dynamics given the presence of the warm core eddy in the Gulf of Mexico and the complicated flow fields. Second, the relative importance of vertical mixing and horizontal advection can be formally addressed from a combined observational and modeling approach. In previous simulations of the upper ocean response, models generally treated only the temperature structure, thereby allowing the numerical solution to be tuned to maximize the agreement with the observed temperature profile. However, the addition of the current profile places more rigorous constraints on the model physics to include the correct thermal and momentum balance to agree with the observed temperature and current structure.
Finally, as in the hurricane Norbert and Josephine profiles [Sanford et al., 1987] [Chang, 1991] . This combination of evolving snapshots of the three-dimensional structure with the high-resolution numerical models can exploit important physical processes that can only be inferred from point measurements. This technology does not alleviate the need for high-quality time series measurements from the conventional measurement techniques from research vessels and moored buoys. However, this suite of aircraft instrumentation will improve our understanding of the spatial variations of the upper ocean response and the coupling between both geophysical fluids subjected to a broad spectrum of atmospheric conditions.
